Lubricating oils degrade into two main products: oxidation products and solid particles. Oxidation products, called varnish, of turbine oils for power generation have become a particularly serious problem in recent years. e first step in determining the potential to produce varnish is to determine the remaining life of the antioxidant in the oil, but even though turbine oil may have antioxidants of sufficient longevity, varnish problems still occur frequently. Accordingly, to prevent varnish, it is necessary to diagnose oil oxidation products. us, the authors have developed a diagnostic method using membrane patch color, but the relationship between membrane patch color and the remaining life of turbine oils has yet to be clarified. is paper investigates a new method for estimating the oxidative degradation of turbine oils that uses membrane patch color and the dry turbine oxidation stability test (dry TOST) based on oxidation products and the remaining life of the turbine oils. Sample oils were prepared and degraded by oxidation in the laboratory using a dry TOST apparatus, and the membrane patch color was measured using a colorimetric patch analyzer (CPA). e relationship between membrane patch color and the rotating pressure vessel oxidation test (RPVOT) residual rate was then investigated. e results show that the new estimation method using the CPA and dry TOST is able to monitor the decrease of the RPVOT residual rate from the early stages of oxidative deterioration.
Introduction
Lubricating oils degrade during operational use into two main products, namely, oil oxidation products and solid particles. In recent years, varnish-induced machine failures have become a serious problem with long-life turbine oils used in thermal power generation [1, 2] . Varnish is a thin deposit on metal surfaces that is caused by oxidation products in the lubricating oil; it can cause problems such as sticking and faulty operation of control valves, increased bearing temperature, bearing failure, blockage of oil filters, and impeded heat transfer. Many studies of varnish have been reported. Sasaki et al. [3] reported that oil oxidation products can be classified as either insoluble or soluble ones. Insoluble oxidation products are soluble in warm oil, but become insoluble when the oil is cooled. ey also reported that soluble oil oxidation products have a molecular weight of 550-1900. Insoluble oil oxidation products with average molecular weight over 1900 are insoluble in oil even if it is warm. Johnson and Livingstone [4] proposed that the first step in determining the potential to produce varnish is to determine the remaining life of the antioxidant in the oil.
is can be done for turbine oils either directly or indirectly. A direct antioxidant measurement method is the remaining useful life evaluation routine (RULER), whereas an indirect method is the rotating pressure vessel oxidation test (RPVOT) that is commonly used to evaluate the residual life of turbine oils. Both methods are very useful for evaluating the remaining life of turbine oil based on the remaining life of its antioxidant. Nevertheless, even though turbine oil may have antioxidants of sufficient longevity, varnish problems still occur frequently [5] . erefore, to prevent varnish, it is important to evaluate not only the remaining life of turbine oil's antioxidants but also its oil oxidation products, both soluble and insoluble. us, to diagnose oil oxidation products, the authors developed a new method for diagnosing the degradation of lubricating oils by focusing on the coloration of membrane patches that have been contaminated and a state-of-the-art colorimetric patch analyzer (CPA). e CPA can measure membrane patch color using both reflecting and transmitting light, whereas conventional colorimetric analyzers use only reflecting light. Oil oxidation products are collected on the surface of and inside the membrane filter, and the CPA uses transmitting light to measure the color information of oil oxidation products collected within the membrane filter in a way that conventional colorimetric analyzers cannot.
In previous studies [6, 7] , we reported a good relationship between membrane patch color and the oxidation products of turbine oils. As reported, membrane patch color is very useful and reliable for detecting oxidation products. However, the relationship between membrane patch color and the remaining life of turbine oils has yet to be clarified. us, to establish a new diagnostic method based on the presence of oxidation products using membrane patch color, it is necessary to investigate the relationship between membrane patch color and the remaining life of turbine oils. Yano et al. [8] proposed an estimation method based on the fact that the relationship between sludge resistance and the residual rate of the rotating bomb oxidation test (RBOT) can be estimated using the dry turbine oil stability test (dry TOST). For the present research, we used dry TOST to investigate the relationship between membrane patch color and RPVOT residual rate.
In this study, we prepared sample oils that were degraded by oxidation in the laboratory using a dry TOST apparatus. e remaining life of each sample oil was evaluated using RPVOT, and we investigated the relationship between membrane patch color and RPVOT residual rate. We also analyzed the manner in which changes in oxidation products corresponded to the RPVOT residual rate using Fouriertransform infrared spectroscopy (FT-IR). On the basis of the results of these studies, this paper discusses a new method for estimating the oxidative degradation of turbine oils that uses membrane patch color based on oxidation products and the remaining life of the turbine oils.
Experimental Apparatus and Sample Oil

Filtration Equipment.
e filtration equipment comprised a dustproof cover, a filter support and a vacuum flask, a filter funnel, and a vacuum pump. Figure 1 shows a schematic of the filtering equipment. Figure 2 shows a magnified view of the surface of the membrane filter and its cross-sectional structure. e membrane filter was clamped between the filter support of the vacuum flask and the filter funnel. 25 mL of sample oil in the filter funnel was filtered with reduced pressure. We used a membrane filter with a pore size of 0.8 μm, a diameter of 25 mm, and a thickness of 0.125 mm. After filtration, the oil on the membrane patch was removed with petroleum ether, and the membrane filter that filtered the sample oil was dried; the dried membrane filter is called the "membrane patch."
Sample Oils and Filtration Procedure.
ree samples of commercially available turbine oils with antioxidants were used. e oils were oxidized in stages using 120°C dry TOST, and the remaining life of these sample oils was evaluated using RPVOT. Table 1 lists the details of the sample oils. Sample oil A was oxidized in an air atmosphere, and sample oils B and C were oxidized in an oxygen atmosphere. e oxidation levels were changed with the dry TOST testing time. In addition, prior to filtering, the sample oils were heated to a temperature of 60°C-65°C for one day (while being stirred continuously) and then incubated and stored at room temperature away from UV light for three days in accordance with Section 8.1 of ASTM D7843.
Colorimetric Patch Analyzer (CPA) and Color Parameters.
We measured the color parameters (maximum color difference and ΔE RGB ) of the membrane patch using a colorimetric patch analyzer (CPA). Figure 3 shows the CPA's measurement principle. e CPA projects white light alternately into the membrane patch from the top and bottom. Using the light that is reflected from the upper surface of the membrane filter, the CPA measures the color information of contaminants captured on the surface of the membrane filter. Using the light that is transmitted through the membrane filter from the bottom, the CPA measures the color information of contaminants captured on the surface and the inside of the membrane filter. As mentioned in Section 1, oil oxidation products collect both inside the membrane filter and on its surface. For this method, we used the transmitting light to obtain all required information about the oxidation products captured by the membrane filter.
e color parameters (i.e., the maximum color difference and ΔE RGB ) are calculated from RGB values that are indicated in 256 levels. For example, white has R, G, and B all at level 256, and black has R, G, and B all at level 0. e maximum color difference is defined as the maximum difference between the two values of R, G, and B; it has a close relationship with the degradation factors of lubricating oils [6] . e quantity ΔE RGB is defined as the color distance between white and the membrane patch color as obtained using (1); ΔE RGB is used to measure the degradation level of the lubricating oils. e RPVOT residual rate is the RPVOT value of the used oil divided by the RPVOT value of new oil, expressed in percentage; it is obtained using (2) . e value RPVOT (t) is the RPVOT value after t hours of degradation and indicates how much residual life remains for the turbine oil by comparing it with new oil. In this study, the RPVOT residual rate was used as an index to evaluate the residual life of the turbine oils.
Advances in Tribology
ΔE RGB � (255 − R) 2 +(255 − G) 2 +(255 − B) 2 0.5 , (1) RPVOT residual rate � RPVOT(t) RPVOT(new) × 100.(2)
Results and Discussion
Relationships between Dry TOST Testing Time and RGB
Values and Membrane Patch Color. Table 2 shows the images of the membrane patches, and Figure 4 shows the Advances in Tribology relationship between the dry TOST testing time and the RGB values measured using transmitting light. When the membrane patch color is measured using transmitting light, there is no way to display the measured color directly. Instead, Table 2 shows the appearance of the membrane patches in reflecting light. For sample oils A and B, the membrane patch turned dark brown as the dry TOST testing time increased. Similarly, the membrane patch for sample oil C darkened as the dry TOST testing time increased. e RGB values of the sample oils decreased with the dry TOST testing time. Figure 5 shows the relationships between dry TOST testing time, the maximum color difference and ΔE RGB . ΔE RGB increased with the dry TOST testing time for each sample oil; however, its greatest increase occurred in sample oil B, i.e., between 558 and 600 h.
Relationship between RPVOT Residual Rate and Membrane Patch
Color. Figure 6 shows the relationships between dry TOST testing time, RPVOT residual rate, and ΔE RGB . e RPVOT residual rate decreased and ΔE RGB increased with increasing dry TOST testing time for each sample oil. Moreover, the decreasing tendency of the RPVOT residual rate and the increasing tendency of ΔE RGB differed among the sample oils. Figure 7 shows the relationship between RPVOTresidual rate and ΔE RGB . ΔE RGB increased as the RPVOT residual rate decreased, which indicates there is a correlation between RPVOT residual rate and ΔE RGB . ASTM D4378 defines the RPVOT limit as 25%.
In sample oil B, ΔE RGB greatly increased when the RPVOT residual rate fell below 25%. However, ΔE RGB for sample oil C greatly increased when the RPVOT residual rate was between 40% and 34%. It seems that different turbine oils have different degradation tendencies, making it necessary to specify the RPVOT limit for each turbine oil. In our tests, if ΔE RGB reached approximately 350, the sample oil reached its RPVOT limit.
us, we conclude that the RPVOT residual rate of actual turbine oils can be estimated easily using ΔE RGB if a calibration curve is prepared using Advances in Tribology dry TOST, as shown in Figure 7 . erefore, if turbine oils are managed using this calibration curve, good conditions can be maintained in relation to oxidation products and remaining life. Figure 8 shows the IR spectra expanded from 1800 to 1650 cm − 1 to identify the oxidation product peaks. ese were adjusted such that an absorbance of 1800 cm − 1 corresponds to zero. e level of absorbance at approximately 1710 cm − 1 , which is the absorption band peak of the carbonyl group [9] , increased with dry TOST testing time for sample oils A and C. However, no such relationship was found for sample oil B which we knew to be oxidized because the RPVOT residual rate decreased with the dry TOST testing time. However, the peak for the oxidation products did not increase with dry TOST testing time. As a result, sample oil B could not be diagnosed as having increased oxidation products. erefore, we conclude that degradation of oil of the same type as sample oil B, which is difficult to diagnose using FT-IR analysis, can be estimated easily using the proposed method based on colorimetric analysis.
FT-IR Analysis of Sample Oils.
Conclusions
In the present study, it was found that the RPVOT residual rate and the ΔE RGB data show similar tendencies, and our proposed estimation method could be used to estimate the remaining life of turbine oils.
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